Fear conditioning is widely employed to study dysregulations of the fear system. The repeated presentation of a conditioned stimulus in the absence of a reinforcer leads to a decrease in fear responding-a phenomenon known as extinction. From a translational perspective, identifying whether an individual might respond well to extinction prior to intervention could prove important to treatment outcomes. Here, we test the hypothesis that CO 2 reactivity predicts extinction phenotype in rats, and that variability in CO 2 reactivity as well as extinction long-term memory (LTM) significantly predicts orexin activity in the lateral hypothalamus (LH). Our results validate a rat model of CO 2 reactivity and show that subcomponents of behavioral reactivity following acute CO 2 exposure explain a significant portion of the variance in extinction LTM. Furthermore, we show evidence that variability in CO 2 reactivity is also significantly predictive of orexin activity in the LH, and that orexin activity, in turn, significantly accounts for LTM variance. Our findings open the possibility that we may be able to use CO 2 reactivity as a screening tool to determine if individuals are good candidates for an extinction/exposure-based approach.
In fear conditioning, an initially neutral conditional stimulus comes to elicit fear expression after its pairing to an unconditional, aversive stimulus. The subsequent repeated presentation of the conditioned stimulus in the absence of a reinforcer leads to a progressive decrease in fear responding-a phenomenon and paradigm known as extinction. Exposure therapy, a therapeutic approach employed in clinical settings, shares characteristics and mechanisms with extinction, and mounting evidence suggests that there are considerable differences in individual responding to both exposure therapy and extinction (Shumake et al. 2014 Bush et al. 2007; Galatzer-Levy et al. 2013; Schwartze et al. 2017) . From a translational perspective, identifying whether an individual might respond well to extinction prior to intervention could prove important to treatment outcomes. Effectively, if we could determine, prior to treatment, that an individual is not a good candidate for extinction/exposure therapy, they could be reasonably assigned to another treatment strategy.
In a recent study, Sharko et al. (2017) found that differences in orexin activity in the hypothalamus significantly account for individual differences in extinction phenotype in rats. Individual differences in extinction as well as CO 2 exposure have been respectively found to activate orexin neurons in the lateral hypothalamus (Johnson et al. 2011) . Orexin from the lateral hypothalamus (LH) modulates amygdala threat (fear) learning (Sears et al. 2013) , and orexin receptor antagonism has been found to facilitate extinction from context and cued fear conditioning (Flores et al. 2014) . Furthermore, antagonism of orexin receptors increases the recruitment of basolateral amygdala (BLA) neurons that project to the infralimbic cortex during extinction (Flores et al. 2017) . Those very same neurons (the IL projecting BLA neurons) are the ones found to be active during extinction (Senn et al. 2014) , supporting the notion that individual differences in orexin activation in the hypothalamus could account for individual differences in extinction (Sharko et al. 2017) . In humans, adults with anxiety disorders display heightened emotional reactivity to a single inhalation of 35% CO 2 ; however, data investigating prospective linkages between emotional reactivity to CO 2 and susceptibility are limited (Telch et al. 2012) . We propose that CO 2 -reactivity might prove an important tool to identify extinction phenotype. Consistent with this idea, CO 2 reactivity predicts the later development of PTSD symptom severity (Telch et al. 2012) , and individuals with PTSD show deficits in extinction (Pitman et al. 2012) , and dysregulation of HPA axis (Yehuda 2009; Michopoulos et al. 2017) .
Here, we test the hypothesis that CO 2 reactivity predicts extinction phenotype in rats, that variability in CO 2 reactivity significantly predicts orexin activity in the LH, and that, in turn, orexin activity in the LH predicts extinction long-term memory (LTM).
Methods
Procedures were conducted in compliance with the National Institutes of Health Guide for the Care and Use of Experimental Animals and were approved by the Institutional Animal Care and Use Committee of the University of Texas at Austin.
Husbandry
Throughout all experimental procedures, subjects were housed in pairs in temperature and humidity-controlled transparent polyethylene cages and were maintained on a 12-h/ 12-h light/dark cycle with food and water available ad libitum. Subjects consisted of 56 male Sprague-Dawley rats (approximately 80 days of age), obtained from Envigo (Houston, TX, USA).
Apparatus
All experimental manipulations (fear conditioning, extinction, long-term memory) were administered in the same context (operant conditioning chambers; Coulbourn Instruments, Whitehall, PA). Each chamber was equipped with a stainless-steel rod flooring connected to a shock generator (Model H10-11R-TC-SF; Coulbourn Instruments, Whitehall, PA) and individually enclosed in a sound-insulated box (Isolation Cubicle, Model H10-24T; Coulbourn Instruments, Whitehall, PA). Chambers were illuminated with a red light. Behavior was recorded by infrared digital cameras (Panasonic, model wvBP334, Osaka, Japan) mounted on the ceiling of each unit. Stimulus presentation was automated using FreezeFrame2 software (Coulbourn Instruments, Whitehall, PA). Equipment was cleaned with Windex (SC Johnson, Racine, WI) between each session.
Experimental timeline
Rats were first screened for reactivity to CO 2 (n = 34) or Normoxic Air (n = 22). Then, at least 5 days later, they were fear conditioned using 3 tone shock pairings. The next day, they received an extinction session (19 CSs). The day after extinction, they received a long-term memory test (LTM). At least 4 days after the LTM test, a subset of rats were tested in the elevated plus maze, and another subset were tested in the light-dark box. At least 6 days later, all rats received a CO 2 challenge and were sacrificed 1 h later for later immunohistochemistry processing (see Fig. 1 ).
CO 2 screening
Flow cages (12″ width × 12″ height × 24″ length) were custom built using plexi-glass. Gas flow was regulated using a twostage regulator (Praxair, Inc., Danbury, CT, USA). An infusion hose was placed to allow air to enter the chamber. Infusion of hypercarbic gas blended with normoxic air (25% CO 2 ) began 0.5 min after placement of the rat in the chamber and continued for 2 min (induction phase; shown in Fig. 2a) . After 2 min, the gas flow was held constant at 25% (25% CO 2 Hold phase). After 2 additional minutes, the gas flow was terminated and the cage was flushed to allow rapid equilibration with atmospheric air (Flush-out phase). The rat was left in the chamber for an additional 4 min and then was transferred to its original home cage. Tests of CO 2 levels across the different stages of CO 2 flow are shown in Fig. 2 . Additionally, as a control condition, a subset of rats were exposed to only normoxic air in the plexiglass chambers for a similar 9-min duration.
CO 2 behavioral analysis
We developed a detailed scoring system to describe and quantify the behaviors observed in response to a CO 2 challenge in rats. Each behavior was quantified at baseline (30 s), during CO 2 induction (2 min), during the CO 2 hold period (2 min), and during the flush-out period (4 min). For the analyses, the flush-out period is divided into 2, so that all the periods of interest are quantified for the same duration. Each session was videotaped from 2 different angles. Behaviors from each angle were scored and averaged for offline analyses. The following behaviors were quantified: Ambulation (A) (time spent moving around. Any displacement of paws). Grooming (G) (time spent grooming), Labored breathing (L) (deep and long breaths, usually noticeable from movements of the torso). Rearing (R) (number of times rat stands on rear legs). For coding purposes, induction was referred to as phase 1, 25% hold as phase 2, and the first and second half of the flush-out period as phases 3 and 4. As such, Ambulation recorded during the first half of the flush-out phase will be reported as BA3^.
Fear conditioning
Subjects were placed in the conditioning chambers, allowed to habituate for 3 min, and then fear conditioned with 3, 20-s, 5 kHz, 80 dB tones (CS). Each co-terminated with a 0.5-s, 0.7 mA footshock (US). The interval between each CS was 120 s. After conditioning, each subject remained in the chamber for 3 min and was then returned to its home cage.
Extinction
The day after conditioning, rats were returned to the conditioning chambers and allowed to acclimate for 3 min. Subjects received 19 unreinforced CSs. The interval between CSs was variable, with a mean of 180 s. Upon completion of extinction, subjects remained in the conditioning chambers for 3 min.
Long-term memory test
The day after extinction, the rats were brought back to the conditioning chambers, allowed to acclimate for 3 min, then received 4 unreinforced CS presentations.
Behavioral scoring: Freezing
Freezing was defined as the absence of all movement aside from breathing and ear twitching, not including sleeping or resting. Behavior was scored manually from videos by an experimenter blind to experimental conditions. The total amount of CS-induced freezing was expressed as a percentage of total time spent freezing during each 20-s CS. We operationalized post-acquisition conditioned fear as mean freezing over the first 2 tone-alone trials 24 h after acquisition (i.e., the first 2 trials of extinction), end of extinction conditioned fear as mean freezing over the last 2 trials of extinction, and extinction long-term memory as freezing over the first 2 trials of the LTM test, to minimize the likelihood of re-extinction, and provide a more accurate estimate of long-term memory post extinction.
Elevated plus maze
Rats were individually placed in the middle of the elevated plus maze (a maze that possesses 2 open arms, and 2 closed arms). They were allowed to move freely throughout the maze for a 5-min period. A camera mounted on the ceiling recorded the rats' behavior for later offline analysis. We analyzed time (in seconds) and percent time spent in the open arms and percent time spent in the closed arms.
Light-dark test
Rats were tested for 2 days in exploratory chambers that automatically measured horizontal (ambulatory) and vertical (rearing) activity under a light-dark condition. This test allowed us to measure activity in response to a relatively threatening environment (the light) versus a relatively safe environment (the dark box). We quantified the traditional metrics (latency to exit dark box and time spent in light box) of the light-dark test (Crawley and Goodwin 1980) in addition to the total activity metrics, which consisted of absolute horizontal and vertical activity (ambulatory distance and rearing counts, respectively) and time-normalized versions of the same metrics (velocity and rearing duration, respectively). Velocity reflects the vigor of movement (distance in cm covered per second of time), and rearing duration reflects the mean length of a single rear (seconds spent rearing per rearing count).
CO2 challenge and brain harvesting
At the end of the experiment, all rats received a CO 2 challenge (as described above under CO 2 screening). One hour after this CO 2 challenge, rats received a lethal dose of sodium Fig. 2 Measurements of CO 2 concentration in chamber during Binduction^, Bhold^, and Bflush-out^phases. Mean (± SEM) percent CO 2 concentrations in the CO 2 chamber during the induction, 25% hold, and flush-out periods, as measured by a device located directly inside the chamber. Note that after 2 min and 30 s of CO 2 infusion, the levels inside the chamber reach the desired concentration of 25% Fig. 1 Experimental timeline. Rats were first screened for reactivity to CO 2 (n = 34) or Normoxic Air (n = 22). Then, at least 5 days later, they were fear conditioned using 3 tone shock pairings. The next day, they received an extinction session (19 CSs). The day after extinction, they received a long-term memory test (LTM). At least 4 days after the LTM test, a subset of rats were tested in the elevated plus maze, and another subset were tested in the light-dark box. At least 6 days later, all rats received a CO 2 challenge and were sacrificed 1 h later for later immunohistochemistry processing pentobarbital and were intra-cardially perfused with phosphate buffered saline followed by 4% buffered paraformaldehyde. Next, the brains were extracted, stored in paraformaldehyde overnight, and then stored in cryoprotectant (30% phosphate-buffered sucrose) until sectioning.
Orexin-cFos immunohistochemistry
Methodological details can be found in our previous publications (Lee et al. 2005 , Jones et al. 2013 Jones and Monfils 2016; Cunha et al. 2010) . Briefly, for each rat, the entire brain was sectioned at a thickness of 30 μm and 4 sets of serial floating sections stored in phosphate buffered saline at − 4°C. Tissue to be analyzed was rinsed, blocked, and incubated in rabbit anti-cFos antibody (1:1000 dilution; Immunostar) for 72 h at 4 degrees, and mouse anti-orexin antibody (R&D Systems) for 24 h. Tissue was then incubated overnight at − 4°C with direct conjugate fluorescent secondary antibodies (Anti-mouse 568 Alexa Fluor; Anti-rabbit 488 Alexa Fluor, Abcam), the sections mounted on slides, and coverslipped with fluorescence mounting medium (Prolong® Gold Antifade Mountant, Invitrogen).
Orexin-cFos imaging and quantification
Cells were imaged and counted according to our previously described procedures Jones et al. 2013) . Briefly, sections from one series were visualized on a fluorescence microscope (Zeiss) with an objective magnification of × 20 through an eyepiece with a magnification of 12.5X. The lateral hypothalamus region identified (defined according to the Paxinos & Watson brain atlas, and observed between − 2.8 and − 3.3 mm from Bregma), and a minimum of 3 sections from similar anterior-posterior planes per brain were photographed bilaterally from an experimenter blind to behavioral outcome. Imaging of each excited fluorofore was performed separately, and care was taken to ensure that there was no bleed through between emissions at the different excitation wavelengths. Cells from the lateral hypothalamus that expressed cFos, orexin A, or both were quantified offline by a different observer who was also blind to behavioral outcome. Since the brains were cut in 4 series, the sections from which cells were counted were not adjacent from one another (the sections that we sampled from were approximately 120 μm apart). All the cells from the sampled region that expressed cFos and/or orexin were counted using ImageJ software (NIH) for Mac. Care was taken to match sections for each brain and the regions were sampled from both the left and right hemispheres.
Statistical analyses
All statistical analyses were performed using R (R Core Team 2016) using the following packages: beset (Shumake 2018) and car (Fox and Weisberg 2011) . Fear acquisition, extinction, and long-term memory were compared between CO2-exposed and Air-exposed rats using separate repeated measures ANOVA for each behavior.
To determine which combinations of CO 2 -reactivity behaviors accounted for the most important portion of the variance in the extinction long-term memory freezing, we used a modified version of the Bbest subset^approach to linear regression. Linear regression models are generally easy to fit and interpret, and can provide a good degree of accuracy, since they take into account the whole range of values, and information is thus not lost (which can often occur when variables are categorized into subgroups). It is often the case, however, that not all the variables included into a linear regression model contribute their fair share to the variance explained. In such cases, it is best to weigh the contribution of different components vs. their cost to the analysis (in other words, make sure the cost/benefit analysis makes them worth being included, since including irrelevant variables leads to unnecessary complexity). The best subset approach fits a different linear model for every possible combination of predictor variables. We then used resampling (k-fold cross-validation where k = 10) to estimate how well each model would predict new samples in terms of mean squared error. Each model was repeatedly refit to random subsamples of the data and tested for how well it could predict the remainder of the data that it was not fit to. This results in a sampling distribution of prediction errors. The Bbest^model was then chosen as the simplest model (the one with the fewest predictors) that was within one standard error of the model that was, on average, best at predicting new data. A detailed explanation of how the beset package implements the best-subsets approach is freely available (Shumake 2018 ). In addition, since cross-validation estimates of prediction error tend to be overly optimistic if they are used to select the best model (a concept referred to as selection bias), we also ran a nested cross-validation (Cawley and Talbot 2010; Taylor and Tibshirani 2015) . This procedure nests the cross-validation used to select the best model within a cross-validation used to estimate test error (prediction error on a new sample), such that test error is evaluated on holdout examples neither used to fit the models nor to select the best models, thus providing a fairer estimate of the model's generalizability.
Results
We analyzed the following behaviors observed in response to a CO 2 challenge in rats: Ambulation (A), Grooming (G), Labored Breathing (L), and Rearing (R) across 4 different phases: CO 2 induction (phase 1), CO 2 hold (phase 2), and flush-out period (phases 3 and 4). As such, Ambulation recorded during the first half of the Flush-out phase, for example, is reported as BA3^. Three R 2 statistics will be reported for each best model: the full-sample R 2 (the unadjusted R 2 obtained by fitting the model to the full data set), the CVselection R 2 (the R 2 obtained by predicting random holdout examples and used to select the best model), and the CV-test R 2 (the R 2 obtained by predicting holdout examples that were not used for model fitting or model selection).
CO2 reactivity is a significant predictor of post-extinction long-term memory
We operationally defined post-extinction LTM as the mean freezing of the first 2 trials of LTM. For our initial data analysis on post-extinction long-term memory (LTM), we used the best-subset approach to estimate our best model that is within 1 standard error, with the lowest cross-validation error, and with the fewest number of predictors. With those parameters, the model suggests that the best predictive effect of CO 2 reactivity is from predictor A3. A3 alone yields an full-sample R 2 of 0.19, with a CV-selection R 2 of .08, and a CV-test R 2 of − .19. Thus, the CO 2 reactivity predictor A3 accounts for 19% of the variance in post extinction LTM in the observed sample, and is expected to account for between − 19 and 8% of the variance in post extinction LTM in new samples (cross-validation analysis). We also analyzed how sensitive the selection outcome was to the randomized assignments of observations to cross-validation folds and found that the A3 model was selected 52 times out of 100. If we allow the model to run unconstrained (that is, if we remove the 1 standard error rule, and allow more predictors), the best model generated includes R3, G3, and L2, and the full sample yields an R 2 of 0.4, with a CV-selection R 2 of 0.27, and a CV-test R 2 of − .173. If we query the best subset analysis for the best generated model for 2 predictors, the best 2-predictor solution was A3 + G3 (full-sample R 2 = 0.31, CV-selection R 2 = 0.18, CV-test R 2 = − .267). We also examined whether the best-subset analysis could generate the best model for the end of extinction, and found that it did not (full sample R 2 = 0). When testing the best subset analysis on the rats that received normoxic air rather than CO2, the full sample R 2 was 0. When specifically testing our best predictor (A3) for the CO 2 sample on the rats that were exposed to normoxic air, the full sample R 2 was .01, suggesting that CO 2 reactivity, and not simply baseline ambulation, specifically explained variance in post-extinction LTM. We separately ran our analysis on the mean of all 4 LTM trials, since it could provide a more stable estimate of post-extinction LTM (albeit at the risk of re-engaging extinction mechanisms) (see Supplementary Materials).
In looking at the R 2 and the standard error of the estimate for the training sample and the cross-validation as a function of the number of predictors, it is apparent that while adding more predictors explains a larger portion of the variance in the training sample, it yields diminishing returns for the crossvalidation ( Fig. 3 and 4) . In fact, not only are there diminishing returns, more than 4 predictors was actively detrimental to finding a reproducible solution. 2 and mean squared error for the training sample and the crossvalidation as a function of the number of predictors. It is apparent that while adding more predictors explains a larger portion of the variance in the training sample, it yields diminishing returns for the cross-validation. In fact, not only are there diminishing returns, more than 4 predictors is actively detrimental to finding a reproducible solution. Our data also suggest that there is severe overfitting when too many predictors are included-the predictive R 2 is negative, which indicates that the model is predicting noise, and that the predictions are actually worse than simply predicting the mean for everyone. Similarly, as the mean square error continually decreases for the training sample, the error decreases for up to 4 predictors in the CV Holdout, and then increases conveys that there was severe overfitting when too many predictors were included-the predictive R 2 becomes negative, which indicates that the model is predicting noise, and that the predictions are actually worse than simply predicting the mean for everyone. A negative predictive R 2 was also observed for even the single-predictor model for the test cross-validation, which provides a meta-estimate of how well models selected using this procedure on this sample can predict new observations. This statistic principally reflects that the current sample size may be too small to both fit and select a model that will reliably generalize to future samples.
Two of the predictors' (R3 and A3; Rearing and ambulation during the flush-Out phase of CO2 challenge) relationship with LTM are shown in Fig. 5 , with R3 individually being the weakest and A3 the strongest of the 4 best predictors. The differential predictive effect of R3 and A3 may reflect an adaptive behavioral response: increased movement and exploratory movement might maximize the opportunity to flee when a threat is no longer present see Fig. 6 . That the same 4 behaviors (A3, R3, G3, and L2) were found in various combinations across the best predictive scenarios suggests that some might be tapping into similar predictive concepts, and as such, might also be highly exchangeable. To examine the possibility that some of these behaviors might be conceptually related, we ran a principal component analysis (PCA) on all the predictor variables. Our results revealed that the first 2 principal components accounted for~50% of the overall variance, and the first four principal components accounted for nearly 80% of the variance. A correlation matrix for A3, R3, G3, and L2 with the first 4 principal components is found in Table 1 . In Fig. 7 , we show the relationship between the vectors for all the predictor variables, which conveys that A3 was predominantly associated with principal component 2, G3 was predominantly associated with principle component 1, and R3 and L2 were associated with a combination of the two. Figure 8 shows the effect in good and poor extinguishers (lower and upper 40% of the LTM freezing distribution). The predictive potential of R3 and A3 seems to be highly specific to extinction, as evidenced by the data shown in Fig. 8 . A between subjects t test revealed that there was a significant difference between the lower and upper 40% LTM freezers for the post-extinction LTM (p < 0.05), but not during fear acquisition (p > 0.2). Furthermore, there was a significant difference between the lower and upper groups on their ambulation during the flush-out period (A3), p = 0.019, and their rearing behavior during that same time period approached significance, p = 0.068. Additional correlations between A3 and preCS freezing for the conditioning, extinction, and post extinction LTM sessions are shown in the Supplementary Materials. In teasing apart elements of CO 2 reactivity that account for extinction phenotype, it is important to remember that the Fig. 4 Mean squared error for the training sample and the inner and outer cross-validation as a function of the number of predictors. It is apparent that as the number of predictors increase from 1 to 2, the standard error of estimate decreases for our training sample and the inner cross-validation (CV Holdout); however, under the same circumstances, the standard error of estimate increases for the outer-cross validation (Test Holdout) Fig. 5 Relationship of predictors R3 and A3 with extinction long-term memory (LTM). For our initial data analysis on extinction long-term memory (LTM), we used the best-subset approach to estimate our best model that is within 1 standard error, with the lowest cross-validation error, and with the smallest number of predictors. With those parameters, the model suggests that the best predictive effect of CO 2 reactivity is from predictor A3 (R 2 = 0.19, cross-validation (CV) = 0.08). If we query the best subset analysis for the best generated model for 2, or 3 predictors, we unveil a best 2-predictor solution of A3 + G3 (R 2 = 0.31, CV R 2 = 0.18), and a best 3-predictor solution of R3, G3, and L2 (R 2 = 0.4, CV R 2 = 0.27). Predictors R3 and A3's relationship with LTM are shown in A and B, respectively current steps are exploratory, and that this study is a first step in determining which elements of CO 2 reactivity might reveal to be most important.
CO2 reactivity predicts cFos+Orexin co-labeling in the lateral hypothalamus
A subset of rats from the CO 2 reactivity experiment were processed and quantified for cFos and orexin immunohistochemistry (n = 21) (see Fig. 9 ). We found that there was a significant predictive relationship of CO 2 reactivity on cFos+Orexin co-labeled cells in the lateral hypothalamus. Our previous analysis identified A3 as the single best predictor of extinction LTM. Here, A3 gives us a significant prediction of cFos+Orexin, with an R 2 of 0.25, F(1, 19) = 6.452, p = 0.01. cFos+Orexin co-labeling in the lateral hypothalamus predict extinction LTM freezing
We first confirmed that our best subset model (A3) accounted for a significant portion of the variance in LTM freezing for just the subset of rats that we processed for cFos+orexin (21 rats that were processed for immunohistochemistry and had received a CO 2 ). We found that it was the case, with an R 2 of.5. For that subgroup, A3 accounted for 50% of the observed variance in LTM freezing, F(1, 19) = 19.44, p < 0.001. cFos+ orexin co-labeling in the LH was found to account for a significant portion of the variance in LTM freezing, with an R 2 of 0.24, F(1,19) = 5.925, p = 0.024 (See Fig. 8 ). Additionally, there was a significant difference in the number of cells that expressed cFos and orexin between those that were the lower and upper 40% freezing, p = 0.02. There was also a significant difference between those sub-groups for LTM freezing, p < 0.0001 (See Fig. 10 ). Additional correlations of the 4 best predictors and orexin with cFos cell counts and extinction LTM freezing are shown in the Supplementary Materials.
Predictive effects of CO 2 reactivity are specific to extinction phenotype There was no predictive effect of CO 2 reactivity (A3) in the elevated plus maze (Fig. 11a) or light dark box (Fig. 11b) , Fig. 6 Predictor importance. The nested cross-validation in the best subset analysis informs us that the most frequently selected best model is a single predictor model, A3, which is chosen 52% of the time. Our nested CV analysis also ranks our predictors in order of importance, and reveals the same predictors as those highlighted by the PCA (A3, R3, G3, and L2). Relative importance scores reflect the mean and standard error of the absolute value of the standardized regression coefficients from 100 different models, each fit to a different random subsample consisting of, on average, 27.5 out of the original 34 cases Table 1 Correlations between A3, R3, G3, and L2 and the 4 first principal components. Our results revealed that the first 2 principal components accounted for~50% of the overall variance, and the first four principal components accounted for nearly 80% of the variance. A3 was predominantly associated with principal components 2 and 3, G3 was predominantly associated with principle components 1 and 4, and R3 and L2 were associated with a combination of principal components 1 and 2 Our results revealed that the first 2 principal components accounted for~50% of the overall variance, and the first four principal components accounted for nearly 80% of the variance. Here, we show the relationship between the vectors for all the predictor variables, which conveys that A3 was predominantly associated with principal component 2, G3 was predominantly associated with principle component 1, and R3 and L2 were associated with a combination of the two R 2 = 0.0159, F(1,10) = .1612, p = 0.695 and R 2 = 0.052, F(1,20) = 1.091, p = 0.309, respectively. Importantly, there was no interaction effect of prior CO 2 exposure (compared to prior normoxic air exposure) on fear conditioning, preCS freezing, early extinction, or post-extinction long-term memory (Fig. 11c) . There was an overall main effect of CO2 group (p < .05). Follow-up tests revealed that while there were no differences between CO2 and normoxic air on fear conditioning, preCS freezing, early extinction, or post-extinction LTM (all comparisons, p > 0.10); there was a significant difference between the groups for the end of extinction (p < 0.05). Additional correlations between the light-dark box and elevated plus maze data with the extinction LTM freezing are shown in the Supplementary Materials.
Discussion
We set out to test whether CO 2 reactivity might be a predictor of extinction phenotype in rats. Here, we validated a rat model of CO 2 reactivity and showed that subcomponents of behavioral reactivity following acute CO 2 exposure explained a significant portion of the variance in extinction LTM. Furthermore, we showed evidence that variability in CO 2 reactivity was also significantly predictive of orexin activity in the LH, and that orexin activity in the LH significantly predicted extinction LTM freezing.
There is strong evidence suggesting that CO 2 exposure directly engages the fear system. In humans, adults with anxiety disorders display heightened emotional reactivity to a single inhalation of 35% CO 2 , and Telch et al. (2012) reported that emotional reactivity to a single inhalation of 35% carbon dioxide was significantly predictive of later symptoms of posttraumatic stress disorder and anxiety in soldiers deployed to Iraq. In rats, exposure to moderate concentrations of hypercarbic gas (e.g., normoxic, 10 to 20% CO 2 ) elicits components of a panic-associated response as evidenced by in- Fig. 8 CO 2 reactivity, fear conditioning, extinction, and postextinction LTM for the rats in the Lower (Blue) and Upper (Red) 40% range of LTM freezing. CO 2 reactivity is shown here using 2 of the most important predictors of extinction phenotype: rearing and ambulation during the flush-out periods (R3 and A3). The CO 2 reactivity measures (a) between the lower and upper 40% freezers approached significance, and there were significant differences between the lower and upper 40% freezers during extinction, and at the post-extinction LTM test, but not during Fear conditioning, preCS freezing, or freezing during the first 3 trials of extinction (b), suggesting that CO 2 reactivity may be specific to differences in extinction rather than fear learning. N = 22, * = p < 0.05, # = p < 0.1, and p greater than .2 for all other comparisons Fig. 9 CO 2 reactivity predicts cFos+Orexin co-labeling in the lateral hypothalamus. a In red, rats that were processed and quantified for cFos and orexin immunohistochemistry and were exposed to CO 2 (21 out of 34). Of that subset, our best predictor in the full sample (A3) accounted for 50% of the variance in post-extinction LTM freezing. b A3 also significantly predict cFOS+Orexin activity in the lateral hypothalamus, with a combined multiple R 2 of 0.25, F(1,19) = 6.452, p = 0.01 Fig. 10 cFos+Orexin predict extinction LTM freezing. a cFos+orexin colabeling in the LH was found to account for a significant portion of the variance in LTM freezing, with an R 2 of 0.24, F(1,19) = 5.925, p = 0.024. b cFos+Orexin positive cells in the lateral hypothalamus in the lower and upper 40% of post-extinction LTM freezing. There was a significant difference in the number of cells that expressed cFos and orexin between those that were the lower and upper 40% freezing, p = 0.02. c Lower and upper 40% post-extinction LTM freezing in rats processed for cFos and Orexin (N = 12). Lower and upper groups were significantly different, p < 0.0001. Orexin (red) and cFos (green) immunohistochemistry in LH of good (d, e) and poor (f, g) extinguisher following CO2 reactivity. There appears to be more cFos-labeled orexin cells in the poor extinguisher, in support of our hypothesis. Scale bar = 20 μm Fig. 11 Predictive effects of CO 2 reactivity are specific to extinction phenotype. There is no predictive effect in elevated plus maze (a) or light dark box (b). Importantly, there is no effect of prior CO 2 exposure (compared to prior control Air exposure) on fear conditioning, preCS freezing, early extinction, or post-extinction long-term memory. There was a significant difference between CO 2 and normoxic air at the end of extinction (p < 0.05) (c). All non-significant comparisons, p > .1 creases in sympathetic activity (Elam et al. 1981) , blood pressure (Johnson et al. 2012; Walker and Brizzee 1990) , and anxiety-like behaviors (e.g., increases in panic/escape/flightassociated locomotor responses) (Johnson et al. 2012; Cuccheddu et al. 1995; Johnson et al. 2011) . Furthermore, exposing healthy rats to 20% CO 2 concentrations selectively increases cellular activity in panic and anxiety networks, such as the perifornical hypothalamus and dorsal periaqueductal gray (Johnson et al. 2011) . When stimulated, those same areas are known to induce panic-associated symptoms in humans (Nashold et al. 1969; Wilent et al. 2011 ) and panic-associated behaviors and cardio-excitation in rats (Samuels et al. 2002; Shekhar and Katner 1995) . Laboratory provocation of panic symptoms has been widely used as a means of investigating the pathogenesis of anxiety-related disorders (Margraf et al. 1986; McNally 1999 ); yet, to date, not one had tested whether emotional reactivity to a single CO 2 challenge might be predictive of fear reduction outcomes in response to standard extinction treatments. Rats, much like humans albeit to a lesser degree, show individual differences in responding to fear extinction. Individuals with PTSD show deficits in extinction (Pitman et al. 2012) , and dysregulation of HPA axis (Yehuda 2009; Michopoulos et al. 2017 ). Individual differences in extinction as well as CO 2 exposure have been respectively found to activate orexin neurons in the lateral hypothalamus (Johnson et al. 2011) . Orexin from the lateral hypothalamus modulates amygdala threat (fear) learning (Sears et al. 2013) , and orexin receptor antagonism has been found to facilitate extinction from context and cued fear conditioning (Flores et al. 2014) . Furthermore, antagonism of orexin receptors increases the recruitment of BLA neurons that project to the infralimbic cortex during extinction (Flores et al. 2017) . Those very same neurons (the IL projecting BLA neurons) are the ones found to be active during extinction (Senn et al. 2014) , supporting the notion that individual differences in orexin activation in the LH could account for individual differences in extinction (Sharko et al. 2017) , and that those differences could be estimated, in vivo, through CO 2 reactivity. The findings from the present study show that this may indeed be the case.
The effect of CO 2 reactivity appears to be specific to extinction-the variability in CO 2 reactivity did not account for significant variability in either elevated plus maze or lightdark box behavior. Our findings further show that CO 2 exposure per se does not differentially affect fear acquisition, early extinction, or extinction long-term memory relative to normoxic air. CO 2 exposure is inexpensive and can be safely administered in humans (e.g., Telch et al. 2010 Telch et al. , 2012 . Together, the results of our study open the possibility that we may be able to use CO 2 reactivity as a screening tool to determine if individuals are good candidates for an extinction/exposure-based approach. If they are not, other treatment avenues could be considered that may be better suited for these particular individuals. Evidence suggests that reconsolidation-based approaches may engage mechanisms that differ from those engaged during extinction (e.g., Tedesco et al. 2014; Lee et al. 2016; Monfils et al. 2009; Schiller et al. 2014) . If CO 2 reactivity is reflective of individual differences in susceptibility to respond to extinction treatment, it could also indicate a differential engagement of networks during extinction, which may make a candidate better suitable for an approach other than extinction (such as reconsolidation blockade or updating). Indeed, this idea would also be very much in line with a recent article showing that inhaling CO2 enhances the ability of retrieval to render an aversive memory labile (Du et al. 2017) . These findings appear in support of a reconsolidation-based hypothesis.
Our study illustrates that CO 2 reactivity is significantly predictive of Orexin activity in the LH. In recent years, a number of studies have found a relationship between Orexin activity and fear extinction. Our findings suggest the possibility that CO 2 reactivity could serve as a proxy to examine Orexin activity in an effective, rapid, and inexpensive way.
Overall, although CO 2 reactivity accounted for a significant portion of the variance in long-term memory after extinction, it remains to be seen whether we can extrapolate the results to a different subsample. Our cross-validation estimates from random sub-samples within our dataset combined with the positive test in our orexin sub-sample, as well as the fact that the same predictors were found to be of importance across a number of different validation estimates, increase our confidence that the selected model will generalize to a new sample. Still, our nested cross-validation suggests that models developed on this small data set may not yet generalize to new samples. Ultimately, it will be important to assess whether CO 2 's predictive power translates into meaningful and practical predictive significance (i.e., improvement in overall treatment outcomes within a subsample).
